Recently, it was demonstrated experimentally that surface acoustic waves (SAW) may induce charge transport through a narrow constriction, formed in GaAs heterostructure by a split-gate depletion technique. 1 In the pinch-off regime the acoustoelectric current, as function of the potential at the gate electrode, exhibits plateaus, where
Here f is SAW frequency, e is the electron charge, and N 0 is an integer. For f ∼ 3 GHz, it corresponds to the current I ae ∼ 1 nA (other devices, such as single-electron pumps, 2 are bound to low frequency of the order of 1 MHz, therefore, delivering currents in the pA range). The plateaus were demonstrated to be stable over the range of temperature, SAW power, and applied source-drain voltage. The unexpectedly high accuracy of the quantization (1) (of the order of 10 −5 ), and high frequency of operation immediately suggest possible metrological applications of the effect as a tool for maintaining an independent current standard. 1 These applications, however, would require much better accuracy, at least of the order of 10 −7 . It is therefore important to understand the possible limits of the quantization, and the underlying physics of the effect. A qualitative explanation, based on a simple picture of a moving quantum dot, was provided in. 1 Electrons, captured in the local potential minima ('dots'), created by SAW, are dragged through the potential barrier. The strong Coulomb repulsion prevents excess occupation of the dot. By changing the gate voltage, the slope of the potential barrier can be lowered, more states in the dot become available for electrons to reside, and new plateaus appear. In this paper, we set up a theoretical model based on this quantitative picture and some simple estimates, and study nonadiabatic effects that may limit the accuracy of the device. In principle, one should expect a quantization (1) of the acoustoelectric current in long one-dimensional channels on the quite general theoretical ground. 3 Here, 'long' means that the leakage through the channel for each 'frozen' in time configuration of the SAW-induced potential is negligible. In the experiments on open channels, 4 this condition is hard to meet, because one would need the channel to be much longer than the SAW wavelength λ s . Screening of the SAW by the electrons in the channel makes the SAW potential weaker, rendering the problem even more serious. The experiments 1 were performed in the pinch-off regime. In this regime the DC conductance is essentially zero. Thus the leakage is negligible, resulting in high accuracy of the quantization. A new problem can now arise, however, due to almost abrupt change of the SAW potential near the entrance to the channel, as we explain below.
The potential, as seen by the electrons in the system, consists of the broad potential barrier, created by the electrostatic potential of the gates, and of the superimposed sliding periodic potential, induced by SAW via piezoelectric coupling. The long-range Coulomb interaction is of crucial importance in this problem, as it leads to the very effective screening of the SAW potential by the high-density electron gas in the electrode. The screening is less effective, however, in the depleted region. Since the wavelength λ s ∼ 1 µm is much longer than the screening length of the electron gas (∼ 10 nm for two-dimensional electron gas), the dot is formed near the edge of the potential barrier. The coupling between the dot and the electron gas is determined by the overlap of the wave functions of the conduction electrons in the electrode and that of the level, localized in the dot. The wave functions depend in turn on the shape of the time-dependent potential barrier, separating the electron gas and the dot (see Fig.1 ). The explicit dependence on time greatly complicates our task. However, as we will argue below, it can be effectively dealt with by introducing a single parameter τ , the decay time of the tunneling coupling.
The wave function of the localized level extends under the barrier over the distance l 0 , which can be estimated from the relation
where m * is an effective mass, W is barrier's height, and ǫ 0 is the energy of the localized level. The width of the barrier (see Fig.1 ) can be estimated as the distance between the potential minimum in the depleted region (the dot) and the edge of the electron gas. It is in this region where screening is lacking. The position of the boundary of the electron gas is in turn determined by the balance of electrostatic forces and is not affected significantly by the relatively weak SAW-induced potential. As the dot moves away with the sound velocity v s , the width of the barrier grows linearly with time. As a result, the tunneling amplitude rapidly decreases. This decay is approximately exponential, with the characteristic time
Since W and ǫ 0 are time-dependent, l 0 also depends on t. However, this time-dependence is very slow, with the corresponding time-scale being of the order of SAW period 1/f ≫ τ . For instance, the change of ǫ 0 during the time τ is small:
and similar for W, l 0 , etc. Therefore, the separation of the time scales f τ ≪ 1 allows one to neglect the time-dependence of all system's parameters, except that of the tunneling amplitude.
A self-consistent determination of τ as function of system's parameters, such as the geometry of the gates etc., is a very difficult task, since it requires the screening to be taken properly into account. One may use the results of the experiments to obtain the order of magnitude estimate of τ . Expanding the potential V (x), seen by the electrons, 5 near the minimum (x = 0) (see Fig.1 ), we obtain V (x) ≈ A s (q s x) 2 /2, where q s = 2π/λ s . The amplitude A s is related to the single-particle level spacing in the dot ∆ via
to the 'size' r of the wave function of the localized electron via
and to the charging energy E c via
The gives us 3 equations for 4 unknown quantities (A s , ∆, r, E c ). Turning to the experiments, we note that the quantization disappears above the activation temperature T * ∼ 10 K, which we identify as the energy it takes to overcome the Coulomb barrier. Substituting E c ∼ k B T * ∼ 1 meV, together with m * = 0.07 m 0 (m 0 is a free electron mass), ǫ ≈ 13, λ s = 10 −4 cm to the equations above, we obtain A s ∼ 0.5 meV, r ∼ 100 nm, ∆ ∼ 0.1 meV. Assuming now that W ∼ A s , and using v s = 3 × 10 5 cm/s, we arrive at τ ∼ 10 ps.
Since the corresponding energy scale γ =h/τ ∼ 0.1 meV is finite (although small), one may ask what effect may it have on the accuracy of the current quantization. This can be understood from the following simplified model, in which the Coulomb repulsion in the dot is treated by introducing a single parameter -the charging energy E c : 6
Here ξ k and E n are the single-particle energy levels in the lead and in the dot correspondingly, E c is charging energy, N = nσ d † nσ d nσ is number of electrons in the dot, and N g is a linear function of the gate voltage. In writing the Hamiltonian (2), we have assumed that while the dot is in the vicinity of the left electrode, the tunneling to the right is negligible. We have also neglected transient perturbations of the electron gas, which allowed us to treat each dot separately, and to assume that the electron gas is in thermodynamic equilibrium at every moment of time (which is justified by virtue of the inequality v s ≪ v F ). We therefore have taken into account the time-dependence of the tunneling coupling only, v kn (t) ∝ exp (−t/τ ), in accordance with the discussion above. Our task is to calculate the occupation of the dot N 0 = N (t = ∞) at the time t → ∞, as function of the parameter N g , given that the system, described by the model (2), was in thermodynamic equilibrium at t = −∞. The acoustoelectric current is related to N 0 via (1). The model (2) answers the minimal requirements: it produces the correct adiabatic limit (τ → ∞), reproducing the staircaselike dependence of I ae on the gate voltage, while allowing explicitly for a non-equilibrium occupation of the dot.
The effect of the time-dependence of the tunnelling coupling depends on how close the system is to the Coulomb blockade degeneracy points (half integer N g ). Away from these points, when the inequality
is satisfied, the time-dependence is too slow to cause the transitions between the charge states of the dot, and in this respect the adiabatic approximation is justified. Here n 0 is the integer part of N g and we useh = k B = 1 for the remaining part of the text. The occupation of the dot is given by the standard Coulomb blockade expression, with the temperature replaced by the effective temperature T ef f , and N 0 are integers, apart from the exponentially small corrections. Close to the degeneracy points, when the inequality (3) breaks down, the time-dependence of the tunneling coupling is fast enough to induce the transitions between the different charge states of the dot. This immediately implies that the width of the transition region is given by T ef f .
To illustrate these conclusions, we consider a limit when ∆ ≫ γ, and neglect the spin of the electrons. This might seem to be an oversimplification, but the result of the calculations for the more general case is qualitatively the same (this study will be reported elsewhere). If we also restrict our attention to the region, which is not too close to the middle of the plateaus (see Fig.2 ), so that the inequality 2E c |N − n 0 | ≫ T ef f is satisfied, we can take into account only the two charge states of the dot, that with n 0 , and I ae V g Fig. 2 . The transition region between the neighboring plateaus, where our calculation is applicable. that with n 0 + 1 electrons. The Hamiltonian of the dot becomes
where
Neglecting also the dependence of the tunneling amplitude on k, n, we arrive at the following version of (2):
The simplified model (6) has an obvious advantage: being quadratic, it is exactly solvable for arbitrary v(t). The solution can be obtained in various ways. One possibility is to use equation-of-motion technique 7 to derive a first order differential equation for
which results in the exact expression for N 0 in the form of the functional of the time-dependent level width Γ (t) = πνv 2 (t), where ν is density of states at the Fermi level. For Γ (t) = Γ 0 e −γt , this reduces to the compact expression
At T = 0 it reduces to
The result (7) indeed fits very well numerically to the Fermi function N 0 − n 0 ≈ 1 e −E 0 /T ef f + 1
, T ef f = T 2 + (0.28γ) 2 .
To conclude, we argued in this paper that nonadiabatic effects may limit the accuracy of the quantization of the current, driven by surface acoustic waves. These effects are associated with the rapid decrease of the tunneling coupling between the energy level, localized in the moving minimum of the potential, created by SAW, and the electron gas. The decrease occurs as a result of the long-range Coulomb interaction.
